ABSTRACT Therapeutic strategies that involve the manipulation of the host's immune system are gaining momentum in cancer research. Antigen-loaded nanocarriers are capable of being actively taken up by antigen-presenting cells (APCs) and have shown promising potential in cancer immunotherapy by initiating a strong immunostimulatory cascade that results in potent antigen-specific immune responses against the cancer. Such carrier systems offer versatility in that they can simultaneously co-deliver adjuvants with the antigens to enhance APC activation and maturation. Furthermore, modifying the surface properties of these nanocarriers affords active targeting properties to APCs and/or enhanced accumulation in solid tumors. Here, we review some recent advances in these colloidal and particulate nanoscale systems designed for cancer immunotherapy and the potential for these systems to translate into clinical cancer vaccines.
INTRODUCTION
Cancer encompasses a heterogeneous array of malignant diseases that are characterized by the unregulated proliferation of aberrant cells. Despite significant advances made in screening and treatments over the past five decades, cancer is still the second leading cause of mortality in the United States, with 1 in 4 deaths attributed to it (1) . In fact, it was expected that in the United States alone nearly 1.5 million new cases of cancer would be diagnosed in 2009 and that there would be over 500,000 cancer-related deaths. Currently applied and well-established treatments for cancer include chemotherapy, radiotherapy and surgery. These treatments have proven to be variably effective depending on the type of cancer. Chemotherapy has the disadvantage of indiscriminately targeting proliferating cells, thus resulting in killing of both tumor and healthy cells. The major limitation of radiotherapy and surgery is that these procedures fail to combat metastases. Hence, the need for more efficacious and less harmful cancer therapies still exists.
Tumor vaccines and immunotherapy are an attractive alternative, or addition, to conventional cancer treatments, and their study has increased significantly in the past two decades (2, 3) . The idea behind them focuses primarily on manipulating the patient's own immune system to recognize and destroy cancer cells. Significant advantages to these approaches are their ability to 1) induce specific killing of tumor cells, with minimal detriment to healthy, non-tumor cells, 2) systemically stimulate anti-tumor immune responses that can target primary and secondary metastases, and 3) result in immunological memory that would provide long-term protection against possible future tumor recurrences (4) (5) (6) (7) (8) .
The use of nanoparticulate pharmaceutical carriers to enhance the efficacy of therapeutic agents is being increasingly investigated, and many such carriers have been successfully developed to date (9) (10) (11) (12) (13) (14) . In tumor immunotherapy, the primary cargo of nanocarriers will usually be peptides from, or DNA encoding, tumor-associated anti- • Increases immunopotency of CpG (56) • Potential for cellular toxicity (53, 54) • Allovectin-7 (Plasmid encoding HLA-B7/beta2 microglobulin) (60) • Strong inducer of innate immunity and nonspecific tumor or NK-mediated immunity (185) Stealth liposomes
• Increased circulation time • DC-targeting liposomes prophylactically prevent lung metastases in mice (52) Archeosomes
• Biodegradable/biocompatible (68) • Suboptimal encapsulation of water soluble proteins
• Anti-tumor activity in murine tumor therapeutic vaccination study (64, • Safety concerns with respect to degree of activation of innate arm.
• Gardisil® is a marketed vaccine against human papilloma virus (HPV) (87, 88) • Safer than viruses
• Applicable only to cancers of viral origin • Relatively easy, efficient and inexpensive to produce • Prophylactically effective
Virosomes
• Preferentially target MHC class I presentation pathway (90) • Suboptimal loading capacity (93) • Can generate CTLs in vitro to TAAs (91) • Upregulate costimulatory molecules on APCs/ generate Th1-type response (91) • Phase I trial-breast cancer using Her2/neu peptide in IRIV (92) Chimeric virosomes • Improved loading capacity compared to conventional virosomes (94) • CIRIV could generate TAA-specific CTL responses in vitro ( It is now widely accepted that most tumors express TAAs, and it has been demonstrated through multiple animal tumor studies that the immune system can be triggered to recognize these TAAs as non-self and thereby affect a specific anti-tumor response (15, 16) . From an immunotherapeutic perspective, it would be desirable to develop novel carriers, carrying TAAs, that can either actively or passively target professional APCs, known as dendritic cells (DCs), resulting in the generation of a strong tumor-specific cytotoxic CD8+ T lymphocyte (CTL) response. The targeting and consequent activation of DCs is of particular importance, as DCs are potent initiators of immune responses. In order to achieve a potent anti-tumor CTL response, it is necessary to activate DCs to generate a pro-inflammatory (Th1) response. Such a response involves the generation of IFN-γ-producing T lymphocytes. Additionally, nanocarriers can be designed to target the tumor itself, resulting in a site-specific accumulation of the TAA and/or adjuvants and providing a controlled release for development of long-term antigenic memory (17) . Nanoscale carriers have the potential for addressing all the above-mentioned goals due to their physico-chemical properties and ease of modification to improve tumor targetability (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Nanocarriers offer unique advantages over the administration of the soluble form of the antigen. These include 1) protection of the drug/antigen/adjuvant from premature enzymatic and proteolytic degradation, 2) enhanced absorption of the drug/antigen/adjuvant into targeted tumor tissue either by the EPR effect or via active targeting with the use of ligands, and 3) ability to control the pharmacokinetic and drug/antigen/adjuvant tissue distribution profile and enhance cellular uptake by DCs to trigger a strong immunostimulatory cascade. Furthermore, these nanoscale carriers offer the unique advantage of multi-component loading, which is of considerable significance, particularly in immunotherapy, where simultaneous delivery of antigens, immunoadjuvants and targeting ligands is optimal (11, 17, 30) . Additionally, due to their large surface area, these nanocarriers can be surface functionalized with relative ease. The smaller size affords a large surface-to-volume ratio, thus increasing the efficiency of reaction kinetics and multiple surface derivatizations. The fabrication of such multifunc- • Stimulates tumor-specific T cell activity • Phase I/II trials-chemo-immunotherapy combined with particles for melanoma treatment (182, 184) a These remarks are applicable to liposomes in general tional nanocarriers with controlled properties often requires the conjugation of proteins, peptides, polymers, cellpenetrating moieties, reporter groups and other functional and targeting ligands to the carrier surface. This modification is usually simple and in most cases proceeds via a non-covalent hydrophobic interaction or by covalent conjugation of proteins and peptides onto the nanocarrier surface (14, (31) (32) (33) (34) . Thus, the simplicity of design and use, coupled with multifunctionality makes nanoparticulates a versatile and attractive carrier system for tumor vaccines and immunotherapy. Here, we discuss recent progress on the use of a variety of different classes of nanocarriers in immunotherapeutic applications. These include liposomes, viruses, particles prepared from biodegradable or natural polymers, and inorganic particles (Table 1) .
LIPOSOMES
Liposomes are spherical unilamellar/multilamellar lipid vesicles usually made from one or more phospholipid bilayers and contain an aqueous center (19, (35) (36) (37) (38) . They have many uses, including drug delivery for cancer and vaccination with antigens or DNA. Liposomes can be used as carriers for vaccine delivery where antigenic stimuli are 1) encapsulated in the core, 2) embedded in the bilayer or 3) adsorbed or engrafted to the outer surface. In addition to antigenic stimuli, liposomes can also be designed to carry adjuvants that will stimulate the innate arm of the immune response and enhance anti-tumor immunity, since it is generally recognized that conventional liposomes have only modest or no intrinsic immunoadjuvant properties. One well-recognized limitation of liposomes in general is their low entrapment efficiencies for water-soluble antigens (39) . In such cases, in order to improve entrapment efficiencies, it is often encumbent on the researcher to optimize the manufacturing method and/or alter the antigen properties, without affecting antigenicity. Many variations of liposomes have been studied with respect to their vaccine potential.
Since the primary target of these vaccines is usually DCs, the design of liposomes is therefore based on their ability to activate and/or deliver antigen to these cells. Liposomes carrying immunogenic peptides are capable of fusing with the membranes of DCs or being pinocytosed. Some of the protein is processed via the cytoplasmic MHC class I pathway, while some is processed through the endosome/ lysosome MHC class II pathway. Below, we have subcategorized different liposomes based on their chemical properties; however, these groups are not always mutually exclusive. Other liposomal categories, such as niosomes, transferosomes and vesosomes, are not covered in this review due to the lack of research implementing these nanocarriers as tumor vaccines; however, their potential use as transcutaneous cancer vaccines has recently been discussed (40) .
Conventional Liposomes
Conventional liposomes are composed of neutral lipids and phosphatidylcholine and are relatively non-toxic. However, they suffer from having a short systemic half-life, as they are readily cleared by the reticular endothelial system (RES) (41) . This is a definite drawback if trying to target the tumor directly with the liposomal cargo (e.g chemotherapeutic drugs or cytokines to induce DC tumor infiltration (48) . A randomized phase III study using BLP25 is currently underway.
Stealth Liposomes
Stealth liposomes, or long circulating liposomes, are liposomes that have been sterically stabilized, rendering them less readily opsonized and removed by the mononuclear phagocytes of the RES (41) . This steric alteration can be performed using polyethylene glycol (PEG). PEG-modification of lipids has been shown to increase circulation time of liposomes and improve the CD8+ T lymphocyte response to antigen (49, 50) . In an attempt to fabricate a liposomal formulation with an increased circulatory half-life for tumor immunotherapy, Altin and co-workers prepared stealth liposomes from a mixture of disteroyl phosphocholine (DSPC), cholesterol and disteroyl phosphoethanolamine (DSPE) with surface grafted PEG 750 (51) . Furthermore, two peptides derived from highmobility box (HMGB1) protein were independently engrafted onto the liposomal surface to function as DCtargeting ligands that also induced activation and maturation of DCs. Mice were vaccinated intravenously with these stealth liposomes, which were also formulated to encapsulate ovalbumin (OVA) and were subsequently shown to induce OVA-specific IFN-γ-producing CD8+ T lymphocytes. Prophylactic or therapeutic anti-tumor potency was not investigated with these HMGB-OVA-liposomes. An earlier study by the same group showed that vaccination of mice intravenously with DC-targeting stealth liposomes (encapsulating OVA +/-LPS or IFN-γ) were capable of generating an anti-tumor response that protected against lung metastases by OVA-expressing B16 melanoma cells (52) . Apart from demonstrating the effectiveness of using stealth liposomes, these studies showed that both targeting the DC and concomitantly providing danger signals with antigen are crucial in generating a tumor-specific CTL response and, consequently, tumor protection.
Cationic Liposomes
Cationic lipids are another class of lipids that have received considerable attention from a cancer immunotherapy standpoint. Cationic lipids are amphiphilic molecules that consist of a charged head connected to a hydrophobic anchor via a carbon skeleton. The most common cationic lipids that are used in liposomes include 1,2-Dioleoyl-3-trimethylammoniumpropane (DOTAP), Dimethyldioctadecylammonium (DDAB) and N,N-dioleyl-N,N-dimethyl ammonium chloride (DODAC). Cationic liposomes, when compared to anionic or neutral liposomes, have been shown to possess a greater efficiency at 1) being internalized within DCs and macrophages and 2) inducing CTL responses in vivo (reviewed by (49) ). One drawback of cationic liposomes is their potential for inducing dose-dependent cellular toxicity (53, 54) . Additionally, it has been reported that cationic liposomes complexed with DNA are capable of triggering undesired macropage-mediated pro-inflammatory cytokine production (55) . Cationic liposomes-DNA-complexes (CLDC) comprise cationic lipids complexed with DNA and/or the TLR-9 agonist CpG. CLDCs were shown to have anti-tumor activity in various mouse tumor models by inducing both the innate and adaptive immune responses (56) . To further enhance their tumor vaccine potential, the addition of TAAs and/or DNA-encoding immunostimulatory proteins may be included. The co-encapsulation of OVA antigen and CpG in cationic liposomes was shown to increase the immune response to OVA when compared to administration of unencapsulated OVA and CpG (57) . In a separate study, it was shown that co-administration of OVA with liposomeencapsulated CpG resulted in efficient uptake by DCs and macrophages and preferential localization to draining lymph nodes, resulting in the generation of OVA-specific CTLs and in vivo anti-tumor immunity (58) . This group went on to show that the vaccination procedure was also effective when the syngeneic TAA, TRP-2, was used as the immunogen, instead of xenogeneic OVA, resulting in increased resistance to pulmonary metastasis by B16 melanoma cells. Here, the liposomes used were neutral at physiological pH but contained an ionizable amino lipid 1,2-Dioleoyl-3-dimethylammonium propane (DODAP) that facilitated encapsulation of CpG. An example of CLDCs being used in clinical trials is Allovectin-7®, a cationic liposome combined with plasmid DNA encoding HLA-B7 and beta-2 microglobulin. This was given intratumorally to patients with late stage melanoma in a phase II clinical trial and yielded a 9% overall response rate (complete and partial remissions) (59) . When a dose increase was made in a subsequent phase II clinical trial there was an 11.8% overall response rate, and phase III studies are underway (reviewed by (60) ).
Archaeosomes
Archaeosomes are liposomes fabricated to comprise the unique glycerolipids of the nonpathogenic microbes, Archaea. These lipids possess an ether-linked isoprenoid phytanyl core which engenders membrane stability, thereby promoting potent immune memory. Additionally, the variable head domains of these glycerolipids have potent and unique APC-stimulating properties (reviewed by (61)). Preparation of archaeosomes is similar to liposomes in that the archaeal lipids are extracted using chloroform/methanol/ water from frozen-thawed Archeae (62). Total polar lipids are precipitated using cold acetone and resuspended and stored in chloroform/methanol. Following dessication, hydration using water or phosphate-buffered saline with the antigen(s) to be encapsulated followed by size reduction results in multilamellar archaeosomes in the size range of 100-150 nm. These archaeosomes are very stable when stored in suspension. Although rapidly cleared upon intravenous or oral administration, archaeosomes form a prolonged depot when injected subcutaneously and are consequently capable of promoting both Th1 and Th2 responses with long memories (63) . The type of immune response appears to be dependent upon the strain of Archeae used as the source of lipids for the archaeosome. An inverse relationship has been reported in which those archaeosomes that promote a strong CTL response are only modest at evoking an antibody response and vice versa (64) . This phenomenon seems to be at least partially due to the relative amounts of the archaeal lipid, caldarchaeol, that each strain possesses. The strain of Archeae known as Methanobrevibacter smithii has gained the most attention regarding cancer immunotherapy, since it is favorably rich in cardarchaeol, and the archaeosomes made from it are potent TLR-independent activators of CTLs (64) . In murine tumor models, using OVA as the encapsulated antigen, it has been shown that prophylactic vaccinations with archaeosomes increased survival times through the activation of antigen-specific CD8+ T lymphocytes (64, 65) . M. smithii-derived archaeosomes harboring antigen have been shown to be capable of cross-presentation, a phenomenon which conventional liposomes generally lack (66) . Immune protection was also induced in a murine melanoma study where TAAs, TRP-2 or MART-1, were used (64) . In therapeutic studies using the OVA-expressing EG.7 tumor, increased survival was shown for mice injected twice posttumor challenge with archaeosomes carrying OVA (64, 65) . These studies also observed the intrinsic capacity of archaeosomes to recruit NK cells to the tumor site.
More recently, in an attempt to impart greater efficacy to the adjuvant properties intrinsic to archaeosomes, a series of novel synthetic archaeal glycolipids were used in murine vaccine studies (67) . An archaeal core lipid, archaeol, was used to generate a range of disaccharide archaeols with minor variations in their carbohydrate head groups. It was discovered that certain synthetic diglycosylarchaeols, such as beta-gentiobiosylarchaeol and betalactosylarchaeol, exacted potent CTL activity. Thus, synthetic archaeosomes could be specifically tailor-made to generate a certain type of immune response. Studies using archaeosomes in clinical cancer trials have not been attempted as yet. However, given the aforementioned findings, and that archaeosomes have been shown to be biocompatible, they appear to have the necessary credentials for further evaluation (68) .
pH-Sensitive Liposomes
Liposomes can be designed such that they are pH sensitive, rendering them more capable of delivering peptides that get processed and presented through the endogenous/ cytosolic MHC class I pathway, while, in comparison, pHinsensitive liposomes tend to be processed through the MHC class II pathway (69, 70) . The mechanism by which the former occurs is proposed to involve the liposome breaking up due to the low pH within the endosome and subsequently fusing with the endosome membrane, resulting in spillage of some of the liposome contents into the cytoplasm (reviewed by (71) ). The most commonly used lipid to fabricate such pH-sensitive liposomes typically involves a blend of phosphatidylethanolamine (PE) or its derivatives with compounds containing an acidic group (e.g. carboxylic group) or cholesterol hemisuccinate or oleic acid lipids. Although stable liposomes are formed at physiological pH, acidification triggers protonation of the carboxylic groups of the amphiphiles, reducing their stabilizing effect, leading to destabilization of liposomes under these conditions. pH-sensitive liposomes have significant potential for immunotherapeutic applications, but further studies evaluating their potential and limitations in vivo are necessary.
Fusogenic Liposomes
Fusogenic liposomes (FLs) are the result of the fusion of conventional liposomes with replication deficient (U.V.-inactivated) Sendai virus. These liposomes are capable of fusing with a wide range of mammalian cell types, utilizing the Fusion (F) protein derived from the Sendai virus and delivering their contents directly into the cytoplasm (72) . The method of preparation of FLs is relatively simple in that ultra-violet light-treated Sendai virus is allowed to fuse with conventional liposomes at a neutral pH at 37°C (73) . FLs are separated from any unfused material by sucrose density gradient centrifugation. The diameter of these resultant unilamellar liposomes is~380 nm, and electron microscopic analysis indicates that they possess a Sendai virus-like structure (74) .
Studies on the efficacy of FLs as tumor vaccines have been limited to murine models at this stage. The lack of progress into clinical testing may be reflective of the small number of groups that are involved in using FLs as cancer vaccines or due to the paucity of therapeutic, as opposed to prophylactic, studies that have been performed. Prophylactic studies performed using the aggressive B16 melanoma cells have revealed an enhanced protective effect of FLs encapsulating tumor cell-lysate (TCL) when compared to conventional liposomes (75) . In brief, TCL/FLs (100 μg) were injected three times (each injection 1 week apart) intradermally into mice followed by tumor challenge one week later. Compared to conventional liposomes and TCL (plus CFA), which only offered a marginal degree of protection, TCL/FLs could slow the rate of tumor progression by 2-3-fold.
VIRUSES/VIRUS-LIKE PARTICLES/VIROSOMES Viruses
Viruses are infectious agents (15-400 nm in size) that encapsulate their genome in a protein coat which may or may not be enclosed in host cell-derived lipid bilayers. The use of live attenuated viruses as vaccines has proven extremely successful in controlling and, in the case of smallpox, eradicating, numerous diseases (reviewed by (76) ). However, the situation with cancer is more problematic in that the majority of cancers (>80%) are not virally generated, and the immune response mounted against viral components of the vaccine are often undesirably potent and at the expense of the cargo. In order to trigger a long-term adaptive CTLmediated anti-tumor response, it is likely that repetitive doses of immunogen are required (77) . Should such a regime be necessary then first generation viral vectors, at least, would not be suitable. As a result, very few viruses have been used to date in clinical cancer trials. Those that have been used include phase II studies comparing vaccination alone with combined vaccination and chemotherapy on patients with metastatic androgen-independent prostate cancer (78, 79) . The vaccination procedure employed a prime/boost regime that involved priming with recombinant vaccinia virus vector containing four transgenes that included PSA, a known TAA, and three T cell co-stimulatory molecules, B7.1, ICAM-1 and LFA-3. The boost was performed using recombinant fowlpox virus vector containing the same four transgenes. The results of these studies indicated improved survival times for those patients with less aggressive disease. Another vaccine currently used in clinical trials is TroVax® (MVA-5 T4), a modified vaccinia Ankara virus (MVA) encoding the TAA 5 T4 (reviewed by (80)). 5 T4 is a cellsurface oncofetal antigen expressed in the placenta and rarely in healthy adult tissues. However, it is highly expressed by a number of adenocarcinomas. MVA is highly attenuated, replication deficient, and nonpathogenic, and it has a good safety profile. Preclinical murine tumor studies using a syngeneic colon carcinoma cell line expressing human 5 T4 showed that vaccination with TroVax® intraperitoneally was effective both prophylactically and therapeutically (81) . Interestingly, the anti-tumor effect was dependent on CD4+ T lymphocytes and primarily mediated by antibodies rather than CTLs. Phase I and II studies are in progress in colorectal, metastatic renal and hormone refractory prostate cancers. Thus far, the indications are that this vaccine, while not significantly improving overall survival, was safe and promoted the production of 5 T4-specific CTLs (80) . Adenoviral (Ad) vectors are one of the most efficient methods for gene delivery in vivo for vaccine applications. However, as for viral vectors in general, Ad vector use has been limited due to its activation of unwanted cellular, humoral and innate immune responses. Ad vectors are particularly efficient at stimulating innate immunity through both TLR-dependent and independent mechanisms leading to morbidly high levels of type I IFN-α and other inflammatory cytokines (reviewed by (82) ). Additionally, due to the prevalence of adenovirus infections, a high proportion of the population already has neutralizing antibodies to the more commonly used Ad vectors such as Ad5 and Ad2. Nevertheless, there are significant advantages to using Ad vectors should these disadvantages be overcome. These include the ability of adenoviruses, as opposed to retroviruses, to infect both dividing and non-dividing cells without integrating into the genome of the host cell. Adenoviruses enter cells through ubiquitously expressed cellular receptors and are endocytosed in a clathrindependent fashion. They then escape the endosome and inject the genome through nuclear pore complexes into the nucleus, where it can be stably maintained and expressed. Another advantage of recombinant Ad vectors is that they can be grown to high yields under conditions suitable for manufacture for clinical use.
To overcome the potential for neutralizing antibodies rendering the vaccine ineffective, alternative rarer human serotypes of adenovirus, or even non-human Ad vectors, may be favorable. It was recently reported that the use of a second generation chimpanzee Ad vector (ChAd) carrying DNA encoding for TAAs was able to break tolerance in TAA-transgenic mice, resulting in anti-tumor activity that led to significant levels of protection (83) . Specifically, one of the TAAs studied was Her-2/neu oncoprotein, a tyrosine kinase receptor overexpressed on several human cancers and associated with poor prognosis. Mice transgenic for rat Neu oncoprotein, and resultantly developing spontaneous mammary tumors, were shown to have significantly increased survival when administered with ChAd-rat neu. It was also shown that the vaccinations resulted in TAAspecific IFN-γ-producing CTLs.
Virus-Like Particles (VLPs)
VLPs are self-assembling non-infectious spheres comprising a viral coat but lacking the viral genome (reviewed by (84)). They have natural immunogenic properties making them a favorable option for vaccine strategies. Their safety profile is superior to that of attenuated viruses since they are noninfectious and do not replicate. VLPs can be safely, efficiently and often inexpensively manufactured for therapeutic use in a number of expression systems, including yeast, green plants (e.g. Tobacco mosaic virus) and attenuated gut flora (84) . VLPs are capable of generating strong adaptive immune responses without the requirement of an additional adjuvant. Although their specific mechanism of action will vary depending upon the virus that VLPs are derived from, it is generally accepted that they are readily taken up by DCs via macro-pinocytosis and endocytosis and consequently trigger both the innate and adaptive arms of the immune response (IR). VLPs can stimulate IRs by both the MHC class I and II pathways (reviewed by (85) ). It has been suggested that enhanced MHC class I presentation occurs when VLPs possess envelope proteins that can enhance uptake via receptordependent fusion (86) .
One notable VLP-based vaccine to have been licensed in the last decade is Gardisil®, a quadrivalent vaccine against human papilloma virus (HPV). HPV is a primary cause of cervical cancer, which is responsible for over a quarter of a million deaths worldwide per year. Gardisil® is made from a mixture of four recombinant HPV type-specific VLPs comprising the L1 major capsid proteins of HPV 6, 11, 16, and 18 which are synthesised in the yeast Saccharomyces cerevisiae (87) . Both phase II and III (randomized, doubleblind, placebo-controlled) studies involving susceptible females revealed the vaccine to be highly protective (87, 88) .
VLPs by their nature are likely to be limited to prophylactic use for cancers of viral origin (<20% of total cancers). Although the potential for them to form sustained and effective neutralizing antibodies has been well documented, their capacity to induce strong cellular-based effective anti-tumor responses has not been thoroughly addressed.
Virosomes
Virosomes are unilamellar lipid envelops, derived from viruses, that retain the viral fusogenic and antigenic properties but lack the viral genome. To date only two virosome vaccines have been licensed. These are both immunopotentiating reconstituted influenza virosomes (IRIVs) which protect against hepatitis A (Epaxal®) or influenza (Inflexal®). IRIVs are considered to be one of the more promising virosomes with regard to immunotherapy of cancers (reviewed by (89)). They are approximately 150 nm in diameter and comprise a combination of natural and synthetic phospholipids along with influenza surface glycoproteins (90) . A vital component of IRIVs is the influenza-derived hemagglutinin. Hemagglutinin has dual functions, each of which is carried out by a different subunit. The first subunit is responsible for attaching to the APC via sialic acid residues, while the second subunit promotes fusion of the endocytosed virosome within the endosome, resulting in the spillage of virosomal contents into the cytoplasm (90) . IRIVs are also capable of upregulating costimulatory molecules such as CD80 and CD86 on the surface of DCs. In a preclinical study, CTL responses to a melanoma TAA (Melan-A/Mart1 [27] [28] [29] [30] [31] [32] [33] [34] [35] ) were induced by IRIVs loaded with the TAA. It was shown that the CTL response was both dependent on hemagglutinin-mediated delivery of antigen to the cytoplasm as well as antigenindependent activation of a CD4+ T helper response (91) . In a separate study, an IRIV vaccination protocol based on those used for hepatitis A and influenza has recently undergone a phase I trial in patients with breast cancer (92) .
Here, IRIVs were generated, and the TAA, Her2/neu, was coupled to phosphatidylethanolamine and hemagglutinin and integrated into the virosome during reconstitution. The patients (n=10) used in this study had hormone-receptorpositive metastatic breast cancer and were receiving concomitant hormone therapy but no chemotherapy. Three intramuscular vaccinations were administered, and the primary and secondary endpoints of this phase I study, which were safety and immune responsiveness, respectively, were both met. In terms of immune responsiveness, it was established that anti-Her-2/neu antibodies were generated in 8/10 patients. Generation of a CTL-mediated response was not presented, although it was demonstrated that the vaccinations resulted in a significant lowering in the percentage of CD4+CD25+FoxP3+ T lymphocytes (T regs).
A major disadvantage of the more conventional virosomes, such as the IRIVs mentioned above, is the limited loading capacity for antigenic peptides (93) . It was demonstrated that the fusion of epitope-loaded conventional liposomes with IRIVs generated chimeric IRIVs (CIRIVs) that possessed a 30-fold greater loading capacity. The immunoadjuvant properties of the IRIV were retained, and the CIRIVs could generate TAA-specific CTL responses in vitro (94) . These chimeric carriers were capable of being stably stored at 4°C for at least 1 month. CIRIVs represent a promising mode of generating anti-tumor immune responses to TAAs, and future clinical studies are anticipated.
Another of the virosomes to receive attention recently is the Sendai virosomes. They are vesicular nanoparticles that are reconstituted from Sendai viral envelops. Similar to IRIVs, Sendai virosomes express sialic acid binding proteins which allow for APC attachment. In addition, Sendai virosomes possess a fusion protein that promotes the fusion of the virosome with the plasma membrane, resulting in release of the virosomal contents into the cytoplasm. In one therapeutic study, virosomes (50-200 nm) encapsulating tumor antigens harvested from B16 melamoma cultures were capable of slowing the growth of B16 tumors (95) . When the vaccine was applied intramuscularly, a tumorspecific CTL response was generated.
BIODEGRADABLE NANOPARTICLES
Poly(D,L-lactic-co-glycolic Acid (PLGA) and Polylactide (PLA)
Poly(D,L-lactic-co-glycolic acid (PLGA) and polylactide (PLA) are biocompatible and biodegradable polymers that have FDA approval for human use. PLGA and PLA particles have shown great potential for protein, peptide and DNA delivery over the last two decades (96) (97) (98) . These particles are fabricated using techniques such as emulsifi-cation/solvent evaporation (99) (100) (101) . Several studies have shown that careful control over the formulation parameters such as surfactant concentration and stirring speed can be used to optimize loading levels and particle sizes (30, 33, (102) (103) (104) (105) . The main advantages of using PLGA/ PLA particles, from a cancer vaccine/immunotherapeutic perspective, is that they provide a non-toxic, protective vehicle for co-delivery of antigens and adjuvant that can be released over a sustained period of time. In addition, these particles are efficiently internalized by APCs as they possess comparable dimensions to the pathogens that the immune system has evolved to combat (106) . Particulate antigens in the size range of 0.1-10 μm can induce CTL responses through MHC class I cross-presentation of antigen via the phagosome-cytosol pathway of antigen presentation (107) . The mechanism of cross-presentation is unknown but appears to be independent of the chemical nature of the particle (108) . Nevertheless, it has been specifically demonstrated that PLGA and PLA particles are capable of promoting cross-presentation of antigen in APCs (109, 110) .
The use of biodegradable particles in tumor immunotherapy has primarily involved PLGA particles, and they are therefore the primary focus here. PLGA particles were originally used for parenteral drug delivery due to 1) their capacity to protect their cargo from degradation and 2) their ability to prolong the release of their cargo. Early animal studies with PLGA vaccinations showed that a single subcutaneous injection of OVA entrapped in, rather than surface-attached to, PLGA particles 1.5 μm in size was a superior immunogen to soluble OVA (111) . Specifically, the mice vaccinated with OVA-PLGA particles had enhanced levels of OVA-specific IgG which remained high for one year. These results were iterated by a separate group using OVA entrapped in PLGA particles of a larger average size (3.69 μm) (112) . This group also showed that only one subcutaneous administration was necessary to generate a maximal OVA-specific antibody response and that the PLGA-OVA particles were more effective at inducing responses than complete Freund's adjuvant (CFA) combined with soluble OVA. Similar results were obtained by a different group using bovine serum albumin as the immunogen entrapped in PLGA particles (1 μm) (113) . Thus, it is evident that PLGA particles possess an intrinsic adjuvant effect which has been largely attributed to 1) the ability of the particle to protect the immunogen from rapid degradation and clearance, 2) the release profile of the protein where sustained release of the immunogen occurs for lengthy periods (>30 days) and 3) the efficiency with which the PLGA particles are taken up by DCs. In addition, it may be that empty PLGA particles themselves have modest, yet significant, adjuvant properties, as it was demonstrated that they are capable of upregulating a costimulatory molecule (CD80) on in vitro cultured bone marrow-derived murine DCs (114) .
Preclinical studies showed that PLGA particles (350-450 nm) are efficiently taken up by murine DCs in vitro (115) . The same study went on to demonstrate that the TLR4 ligand, monophosphoryl lipid A (MPLA), was significantly better at inducing maturation of DCs in vitro when provided in PLGA particles rather than in soluble form. In addition, whilst MPLA alone had little effect on cytokine production by DCs, the complexation of MPLA with PLGA resulted in the production of high levels of proinflammatory cytokines (IL-6, IL-12 and TNF-alpha), while IL-4 and IL-13 expression remained low. We have evaluated the immune potency of PLGA particles (~2.4 μm in diameter) complexed with tumor lysate proteins (from the B16 murine melanoma) and CpG in an in vivo mouse tumor model (116) . We have shown that intraperitoneal vaccination with the aforementioned particles were capable of protecting against subsequent tumor challenge, but only if Tregs were concomitantly diminished through low dose cyclophosphomide or anti-CD25 treatment. The vaccine was shown to be effective prophylactically (116) . We hypothesize that diminishing Tregs in the therapeutic model would also be advantageous as was the case prophylactically. Another group has shown that mice vaccinated subcutaneously (with 2 boosts) with PLGA particles encapsulating both a TAA peptide (TRP-2 [180] [181] [182] [183] [184] [185] [186] [187] [188] ) and a TLR-4 ligand (7-acyl lipid A) could control tumor growth through the induction of TRP-2-specific CTLs. Furthermore, it was demonstrated that within the tumor microenvironment there was an upregulation of Th1 cytokines (IL-6, IL-12, IFN-γ, TNFα) and a downregulation of the pro-angiogenic vascular endothelium growth factor (VEGF) (117) .
Polylactic acid (PLA) is a homopolymer that is more crystalline than PLGA. Unlike PLGA, PLA has been less intensively investigated with respect to tumor immunotherapy. A recent study showed that PLA particles (150 nm) encapsulating OVA were not capable of inducing an OVAspecific antibody response greater than soluble OVA, when administered transcutaneously or subcutaneously (118) . These results are in stark contrast to those obtained with PLGA-OVA particles mentioned above (111, 112) . Two possible explanations for this discrepancy are 1) the higher antigen-retention capacity inherent to PLA resulting in suboptimal immunostimulation or 2) the lower particle sizes used in the PLA study were less effective at targeting DCs.
One group used PLA microparticles (~1.59 μm in diameter) admixed with a HLA-A2.1 restricted Her2/neu CTL epitope to vaccinate HLA-A2.1 transgenic mice (109) . The type of immune response evoked was assessed by in vitro stimulation of the spleen cells, from the immunized mice, with Her2/neu peptide. The proliferative response was significantly greater when compared to spleen cells from mice vaccinated with CFA plus the tumor epitope. In addition, it was shown through ELISA and ELISPOT assays that the PLA-peptide admix was capable of generating enhanced numbers of IFN-γ-producing lymphocytes while IL-4 production remained low. Such a Th1-biased immune response suggests a tumor protective role for this vaccine that requires further follow-up studies.
A novel tumor therapy approach was recently reported using PLA microparticles to which antibodies that independently recognized CD40 and RNEU were bound (119). CD40 is a DC surface protein that, upon ligation, triggers DC maturation and activation, while RNEU is the growth factor receptor expressed by the rat her2/neu oncogene. Mice were challenged with syngeneic TUBO cells (mouse mammary tumor cell line expressing RNEU) and subsequently treated intratumorally with the PLA microparticles displaying antibodies to CD40 and RNEU. This treatment resulted in bringing the host DCs into close association with the tumor, triggering the production of proinflammatory cytokines, and triggering an anti-tumor-specific CTL response that resulted in tumor rejection. The authors state that this strategy could feasibly use PLGA or gold nanorods interchangeably with PLA.
The paucity of data published on PLA particle-based tumor vaccines makes its potential in cancer immunotherapy difficult to assess. The fact that PLGA has received considerably more attention than PLA may reflect a lack of promising, and therefore published, data when PLA carriers were used. More published studies are required, in particular, studies that directly compare PLGA and PLA as tumor vaccines.
PLGA particles were heralded as the future vaccination method for a wide variety of diseases due to many of the properties mentioned above, particularly because of their burst and slow release kinetics (120, 121) . Such a release profile meant the potential for single injection vaccines as opposed to multiple injections currently used. However, PLGA has proven problematic in that protein degradation can occur for some proteins during the encapsulation process (120) . The fabrication of PLGA/PLA carriers often requires the use of organic solvents, heat and high speed mechanical agitation. Proteins are highly susceptible to denaturation upon exposure to any of the aforesaid conditions and may result in loss of antigenic epitope recognition, thereby failing to trigger an immune response. These concerns can be addressed by a more careful fabrication design and stringent control of formulation process parameters, including measuring the volume of organic solvents, assessing the extent of residual solvent content and using protein stabilizing additives, including various sugars and polysaccharides. Possibly another major stumbling block is the financial consideration of upscaling production for commercial use and also the clean-up procedure to ensure aseptic and uncontaminated delivery (121) .
Acid-Degradable Hydrogel-Based Particles
Acid-degradable particles afford an advantage over many other biodegradable particulate carriers, such as PLGA, in that they strongly disrupt endosomes, allowing for larger cytoplasmic antigen delivery. Standley and co-workers designed these particles so they are stable at physiological pH, but degrade at the acidic pH of endosomes (pH 5) (122) . Upon acid degradation, the particles generate a large number of molecules, which increases the osmotic pressure gradient across the endosomal membrane. This causes a rapid influx of water into the endosome and results in its disruption and the subsequent release of the endosomal contents into the cytoplasm. This group went on to report the use of such acid-degradable particles for tumor immunotherapy using OVA as a model antigen (122) . These particles were synthesized by co-polymerizing an acid-degradable cross-linker and a 3′ methacrylamide monomer, in the presence of OVA, using an inverse emulsion polymerization technique. In order to improve the suspendability and syringability for parenteral administration, these particles were modified by surface conjugation with a long hydrophilic oligoethylene glycol layer. The modified particles possessed enhanced colloidal properties due to greater hydration and steric stabilization. Vaccination of mice with particles encapsulating OVA resulted in increased survival rates in mice subsequently challenged with OVA-expressing EG.7 tumor cells, as compared to vaccination with soluble OVA alone. In follow-up studies by this research group, an attempt was made to improve the immunogenicity of the carrier by co-encapsulation of CpG and OVA (123, 124) . The 3′ methacrylamide monomer was modified, and CpG was covalently conjugated to the monomer prior to the co-polymerization step. The final particles exhibited a high antigen-loading efficiency of 70% with high acidic degradability. This group confirmed that the particles encapsulating OVA and CpG were phagocytosed by a murine DC cell line, RAW 309, in vitro. In addition, murine immunization studies demonstrated potent stimulation of OVA-specific CD8+ T lymphocytes (123) . It was subsequently demonstrated that the same particle immunization protocol in mice resulted in strong OVA-specific CTL activation that coincided with enhanced survival after challenge with OVA-expressing B16 melanoma tumor cells (124) . Compared to this group's first study (122) , this latter report showed that the inclusion of CpG significantly enhanced antigenspecific responses and tumor protection. The therapeutic potency of these acid-degradable particles in clinical studies has yet to be determined.
Polybutylcyanoacrylate (PBCA)
Malignant brain tumors, or gliomas, are the second leading cause of cancer-related deaths in children under the age of 20, in men under the age of 40, and in women under the age of 20 (125) . In 2009, it was expected that approximately 20,000 new cases of malignant brain tumors would be diagnosed. Recent advances in glioma-targeted immunotherapies have focused heavily on inhibition of transforming growth factor-beta (TGF-β), a cytokine that can be produced by tumor cells that benefits tumor development via its impact on immunosuppression, metastasis, angiogenesis, and proliferation (126) (127) (128) (129) . Multiple studies, carried out primarily in rats, have shown that prognosis is improved in glioma-challenged animals when TGF-β antisense oligonucleotides are delivered alone or in conjunction with tumor vaccines. A key issue, however, is that targeting the brain tumor cells by systemic delivery of such antisense oligonucleotides, as well as chemotherapeutic drugs, is limited by their inability to cross the blood-brain barrier (BBB). The use of certain nanoparticle delivery systems can bypass these limitations, resulting in successful crossing of the BBB (130, 131) .
Polybutylcyanoacrylate (PBCA) polymers have been recently garnering interest in the area of tumor immunotherapy. The interest stems from previous studies carried out using PBCA particles loaded with doxorubicin (132) (133) (134) (135) . The particles were successful at tumor targeting and enhanced targeting of doxorubicin to the brain. Their properties, including high tensile strength, biodegradability, biocompatibility and drug compatibility, have further added to the interest in these polymeric substrates in the preparation of injectable delivery systems. PBCA is typically prepared from (iso)butylcyanoacrylate monomers by emulsion anionic polymerization in a dextran-70-containing acidic solution. Nanoparticles made from this polymer are biodegradable and display relatively low toxicity (LD 50 =242 mg/kg in rats). The degradation products are butanol and cyanoacrylic acid that are removable from the body. Unmodified PBCA nanoparticles lack stealth properties and are rapidly cleared from the blood stream; hence, modification to yield a hydrophilic surface is often essential to render longer circulatory times for these particles particularly for active brain targeting. One way of modifying these particles is by the adsorption of polysorbate-80 onto the surface of these nanoparticles. As a mechanism of action, it is proposed that these Polysorbate-80-coated particles are transported across the BBB via endocytosis by the brain capillary endothelial cells triggered by serum protein, APO E.
Most recently, a study performed by Schneider and colleagues addressed whether delivery of TGF-β antisense oligonucleotides using biodegradable polybutyl cyanoacrylate nanoparticles, coated with Polysorbate 80, would enhance gene delivery and tumor therapy in a rat glioblastoma model (136) . The nanoparticles were prepared by a cationic polymerization followed by complexation with the AON. Polysorbate (Tween)-80 was further coated onto the surface of these particles. The nanoparticles exhibited a high ODN binding efficiency of 93.4%. They utilized a strategy based on previous work documenting increased delivery of drugs across the BBB when encapsulated within such nanoparticles (137) (138) (139) (140) (141) (142) (143) . First, gene delivery to brain tissue after injection of their Polysorbate-80-coated nanoparticles was found to be successful, resulting in significant reporter gene expression (136) . Importantly, they were able to achieve the gene delivery when the nanoparticles were administered via both intravenous and intraperitoneal routes, showing their ability to cross the BBB in their system. Furthermore, delivery of both their reporter gene and TGF-β antisense oligonucleotides via nanoparticles resulted in preferential uptake by tumor cells in the brain, with little to no uptake by non-tumor tissue. Increased survival time of tumor-challenged rats was only observed when TGF-β antisense oligonucleotides nanoparticles were co-delivered with a tumor cell vaccine. Survival outcomes directly correlated to the number of activated T cells found in peripheral blood. Of note is the minimal protection conferred by administration of TGF-β antisense oligonucleotides nanoparticles alone, suggesting that this treatment is most beneficial when used in conjunction with a vaccine regimen aimed at inducing tumor-specific T cell activation.
In 2000, the first phase I and II clinical trials involving direct intratumoral delivery of a non-particulated TGF-β antisense compound (AP 12009) in high-grade glioma patients were undertaken (128, 144) . Direct injection into brain tumor tissue was chosen to avoid the issue of limited accessibility of this compound across the BBB. Results from AP 12009-treated patients were promising, with median survival times increasing significantly beyond those seen with conventional chemotherapy and very little toxicity observed from the treatments. Currently, a phase IIb clinical trial involving AP 12009 treatment of recurrent or refractory high-grade glioma is ongoing. To date, no clinical studies have been undertaken to examine the efficacy of systemic delivery of AP 12009 or any other TGF-β antisense oligonucleotides via a nanoparticulate system as described by Schneider and colleagues (136) . Such systems could provide a powerful alternative to direct intratumoral injections.
GELATIN-BASED NANOPARTICLES
Interest in natural polymers like gelatin for cancer immunotherapy has increased over the last 5 years owing to its biodegradability, biocompatibility and safety (145) .
Previous clinical studies have proven the capability of gelatin at preserving the bioactivity of the therapeutic agent to be delivered in vivo. Gelatin is easy to cross-link and can be sterilized using a wide range of chemical and heat sterilization methods. The material itself, unlike several other natural polymers, is available in a pure form. In addition, gelatin is pyrogen-free and possesses low immunogenicity.
As a protein-based product, gelatin possesses several functional groups which are available for covalent modifications, such as 1) TAA or immunoglobulin (Ig) binding, 2) active tumor targeting and 3) PEGylation for resistance to opsonization. In addition, simple surface charge modifications can be made to gelatin by the conjugation of cationic moieties to the surface. Gelatin nanoparticles carrying an antigen of interest can be generated using a complex coacervation technique using water-miscible solvents like acetone and alcohols, or salts like sodium sulfate, followed by further cross-linking. However, the broad molecular weight distribution of commercial gelatin, ranging between 20-1500 kDa, limits reproducible particle preparation and can cause aggregation issues when using this technique. To mitigate these problems, a two-step desolvation technique for fabricating gelatin nanoparticles was developed which results in the production of stable gelatin nanoparticles (146) . In this method, gelatin is first dissolved in water under constant stirring and heating, then sedimented with acetone. The supernatant, containing mainly lower molecular weight dissolved gelatin fractions, is removed, and the sediment is redissolved and resedimented at a pH of 2.5 to yield positively charged gelatin that can be further used to fabricate nanoparticles.
Recently, the use of gelatin nanoparticles for delivery of antigens and/or adjuvants to DCs was investigated. Coester and co-workers fabricated gelatin nanoparticles to quantify uptake of these particles by murine DCs (147) . The gelatin nanoparticles were prepared by a two-step desolvation process using acetone, and trimethylrhodamine (TMR)-dextran was loaded into these particles by complex coacervation technique using glutaraldehyde as the crosslinking agent. This method yielded particles with a mean size of 245 nm, and the loading efficiency for TMR-dextran was 70%. These TMR-dextran-loaded particles were shown to be phagocytosed by~90% of CD11c+ murine DCs, which led to significant DC maturation. Following this initial report, the same group produced cationized gelatin particles (Fig. 1) to enhance delivery of immunostimulatory CpG to DCs (148) . In vitro, murine DCs phagocytosed the particles, which resulted in upregulation of MHC class II and CD86, as well as production of pro-inflammatory cytokines. Intravenous injection of CpG-loaded gelatin nanoparticles into mice caused increased serum levels of pro-inflammatory cytokines, IL-6 and IL-12. Human plasmacytoid DCs also phagocytosed, and were stimulated by, CpG-loaded gelatin nanoparticles. This stimulation was greater than that elicited by soluble CpG. Interestingly, loading of CpG into particles preferentially activated human plasmacytoid DCs while simultaneously inhibiting B-cell activation. This discrepancy demonstrates the favorable targeting of these particles to DCs.
Bourquin and colleagues built upon their previous findings regarding gelatin nanoparticles loaded with CpG (147, 148) by showing that specific and protective antitumor immune responses could be induced in mice immunized with OVA and CpG-loaded cationized gelatin nanoparticles (148) . Cationic particles were used, since they are recognized as being favorably phagocytosed by DCs and macrophages when compared to neutral or negatively charged particles. In this study, the gelatin nanoparticles were surface-modified using cholamine hydrochloride to render a net positive charge. CpG was then physically adsorbed to the positively charged particles at a payload of 5-10% w/w of the nanoparticles so that they remained stable under physiological conditions and simultaneously retained a positive charge. This group directly compared immunizations that co-delivered OVA and CpG in particulate form to those that delivered particulated antigen with soluble CpG. Strikingly, co-particulated vaccines induced augmented antigen-specific CD8+ T lymphocyte responses and enhanced protective responses, upon tumor challenge (Fig. 2) . Furthermore, by delivering CpG in particulate form, the non-specific and systemic inflammatory responses, normally elicited by soluble CpG, were completely abrogated.
Despite the potential that gelatin nanoparticles show for delivering cancer vaccines in animal tumor models, no clinical trials appear to be currently underway to address their therapeutic potential. Future examination of the ability of gelatin nanoparticle delivery systems to break tolerance to known TAAs will be of interest and might dictate whether these particles progress to clinical cancer vaccine trials.
NANOEMULSIONS
Nanoemulsions are colloidal dispersions of nanosized droplets of oil and water stabilized with a surface-active film. They are thermodynamically stable systems typically in the size range of 20-200 nm. The nanometer size range affords increased kinetic stability against sedimentation and creaming, which are problems commonly associated with conventional emulsions. In recent years, considerable effort has been directed towards developing nanoemulsions as vaccine carriers. Some of these have recently been described for the mucosal route vaccination against infectious diseases, such as hepatitis B (149), HIV (150) , and influenza (151) . Nanoemulsions offer the versatility of delivering macromolecules, like antigenic proteins and peptides, either locally or systemically, resulting in potent humoral and cellular antigen-specific immune responses.
In terms of vaccine delivery, nanoemulsions possess several advantages, including long circulatory times and increased cellular uptake by APCs. Nanoemulsions can efficiently encapsulate antigen, resulting in protection against enzymatic degradation and providing a sustained release of the antigen upon lipolysis of the continuous phase forming the emulsion. A number of techniques can be used to prepare nanoemulsions; however, high-energy emulsification methods are most favorable for fabrication of nanoemulsions for vaccine carriers due to the ease of industrial scale-up and preparation. High-pressure homogenizers or ultrasonic emulsification under magnetic power produces very homogenous dispersions with high stability in relatively short periods of time. Because of the promise this technology holds for producing stable, safe and efficacious vaccines, it has been recently assessed in cancer vaccine formulations. Two groups reported that nanoemulsion vaccine delivery of tumor-specific antigens, in mice, induced strong tumor-targeted antibody and CTL responses, which ultimately conferred protection against tumor growth (152) (153) (154) (155) (156) . First, Shi and colleagues developed a vaccine that aimed to co-deliver immunostimulatory CpG and a previously identified gastric-cancer-specific antigen, MG7 (152, 157, 158) . They fabricated their nanoemulsion carrier by a vacuum high shear ultrasonic emulsification device with high payloads of 70% and 93% for the antigen and the CpG, respectively. The nanoemulsion was formed using a magnetic ultrasound method with the aqueous phase consisting of 0.8% surfactant mixture of Span-80 and Tween-80, whereas the oil phase consisted of the same ratio of surfactant in soybean oil combined with antigen and CpG solubilized in PEG2000. The oil phase was homogenized using a vacuum high shear emulsification device at a pressure of 0.7 KPa with a final size reduction being performed using an ultrasound generator operating at a frequency of 40 KHz. It was observed that mice immunized with MG7 and CpG co-encapsulated in these nanoemulsions showed significant inhibition of tumor growth after challenge with MG7-expressing carcinoma cells. The tumor protection directly correlated with MG7-specific antibody and IFN-γ production. Not unexpectedly, co-delivery of CpG and MG7 antigen augmented the MG7-specific response as compared to nanoemulsion vaccines that contained the peptide antigen alone.
A second group, Wei and colleagues, have been successful in developing melanoma-targeted nanoemulsion vaccines by encapsulating the TAAs, MAGE-1 and/or MAGE-3 (153) (154) (155) (156) , using a similar technique as described above. In addition to the TAAs, their formulations contained heat shock protein 70 (HSP70) and Staphylococcal enterotoxins A (SEA), which are proposed to augment induction of tumor-specific immunity. A magnetic ultrasound method was used to incorporate the components to fabricate a water/oil emulsion. The system consisted of the protein in a pluronic 88 solution forming the dispersed phase, while the soybean oil forming the continuous phase used Span-20 as the emulsion stabilizer. The nanoemulsion formed under high pressure homogenization pressure of 0.7 kPa yielded a droplet size of 20 nm with an entrapment efficiency of 91%. This melanoma vaccine carrier exhibited high stability over a period of 6 months with no evidence of creaming or sedimentation under shelf storage conditions. In mice studies, this group demonstrated that delivery of MAGE-1/HSP70/SEA encapsulated within a nanoemulsion significantly enhanced tumor-specific responses and protection, as compared to non-encapsulated delivery. Furthermore, direct comparison of various routes of administration (i.e., intravenous, intraperitoneal, subcutaneous or peroral) revealed no difference in the efficacy of their nanoemulsion vaccine formulations (155, 156) . After vaccination, mice responded with increased levels of MAGE-1-specific antibody production, as well as increased tumor cell lysis in vitro and inhibited tumor growth upon challenge in vivo (Fig. 3) .
Currently, pre-clinical and phase I trials with nanoemulsion vaccine formulations have only targeted hepatitis B (149) and seasonal influenza (data presented at the 2008 ICAAC/IDSA meeting in Washington, DC). Promising tumor protection data from animal studies and demonstrated safety and stability of nanoemulsion formulations provide a platform upon which clinical trials for cancer patients should be considered.
γ-PGA NANOPARTICLES
Another interesting area in the use of nanoscopic systems for tumor immunotherapy is the use of amphiphilic block-graft co-polymers as antigen/protein carriers using the biodegradable polymer poly (γ-glutamic acid) (γ-PGA). γ-PGA is produced by several Bacillus species as an extracellular polymer. γ-PGA is frequently referred to as a pseudo-amino acid with the glutamate repeat units in γ-PGA containing linkages between the α-amino and γ-carboxylic acid functional groups. γ-PGA is entirely biodegradable and non-toxic to humans. These are degraded in vivo by γ-glutamyl trans- peptidase, which is widely distributed in humans and catalyzes the hydrolysis of the polymer to its constituent amino acids. These self-assembled amphiphilic nanocarriers typically possess a hydrophobic corona and are commonly referred to as core-corona-type polymeric particles. The hydrophobic microdomains of these self-aggregates can be used for encapsulating proteins.
The use of biodegradable γ-PGA nanoparticles was recently shown to be effective for delivery of protein antigen (159, 160) . Nakagawa and co-workers developed such a selfassembly system using γ-PGA in which the L-phenylalanine ester (PAE) was introduced as a hydrophobic residue on the α-position carboxylic acid groups of the γ-PGA in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (161) . The antigenic protein of interest, OVA, was encapsulated within this carrier using an electrostatic interaction mechanism. These particles entrapping OVA exhibited a mean size of 250 nm with a 60% protein loading efficiency. The authors further showed a controlled release of the entrapped antigenic protein for a period of 30 days. Preliminary studies with these nanoparticles indicated their potential for use as cancer vaccines. Specifically, these particles were efficiently phagocytosed by DCs in vitro, which induced maturation, as evidenced by cytokine production and up-regulation of co-stimulatory molecules (162) . Furthermore, the signaling pathways involved in the γ-PGA nanoparticle-induced maturation of DCs were found to be MyD88-dependent and ultimately resulted in NF-κB activation. In vivo, mice immunized with OVA-loaded γ-PGA nanoparticles responded with strong OVA-specific T-and B-lymphocyte responses, as measured by lysis of OVA-expressing target cells, production of IFN-γ by OVA-restimulated splenocytes, and production of IgG anti-OVA (Fig. 4) . This group demonstrated that mice previously immunized with γ-PGA nanoparticles with immobilized bacterial antigen on the surface were significantly protected after an in vivo challenge with a lethal dose of Listeria monocytogenes, a model for CD8+ T lymphocyte-mediated protection against intracellular pathogens. These findings were followed up by a brief study that further demonstrated the effective delivery of peptide antigens and induction of CD8+ T lymphocyte responses when the γ-PGA nanoparticulated peptides were targeted to the ER (163) .
Tumor protection studies employing γ-PGA nanoparticles as cancer vaccines have followed these initial reports. Yoshikawa and colleagues first reported that this system could be used to deliver antigenic vaccines that target APCs and promote the MHC class I presentation pathway, ultimately conferring significant tumor protection in models using OVA-expressing tumors (161, 164) (Fig. 5) . Based on their findings, they reported that preliminary clinical trials were planned for the near future. Most recently, γ-PGA nanoparticles loaded with a known TAA, EphA2, were used to vaccinate mice to determine the level of protection induced upon EphA2-expressing tumor cell challenge (165) . For this study, tumor cells were injected into the livers of mice to simulate a model of tumor metastasis. Mice vaccinated with EphA2-γ-PGA nanoparticles exhibited enhanced EphA2-specific CD8+ T lymphocyte activation, target cell lysis, and decreased overall liver size as a measure of tumor protection. Importantly, immunization and induction of responses against the liver tumors did not result in liver pathology or any toxic effects on liver or kidney function, indicating this system is safe and a good candidate for clinical applications. Based on these findings this group also reported that they were currently preparing their γ-PGA nanoparticle vaccine formulations for clinical testing.
ADDITIONAL NANOPARTICLE DELIVERY SYSTEMS Gold Nanoparticles
Targeting TAAs to solid tumors using metallic nanoclusters has been an area of sustained interest for several years now. Colloidal gold (Au), a solution comprised of nanoparticles of Au, has been used as a therapy for the treatment of cancer as well as an indicator for immunodiagnostics. Colloidal gold nanoparticles conjugated with functional biomolecules present a versatile platform for tumor immunotherapy research. These non-biodegradable, gold-based nanoparticles have been studied primarily in two forms for cancer therapy: immunonanoshells (166, 167) and carbohydrate-based glyconanoparticles (168) .
Ojeda and co-workers fabricated a gold nanoparticulate system with self-assembled monolayers of carbohydrate antigens (glyconanoparticles, GLN) as a potential carrier for cancer vaccines (168) . GLNs were constructed by the reduction of gold salt in the presence of thiol functionalized neoglycon-conjugates. These GLNs are highly stable to glycolytic enzymes and release the carbohydrates, which are T-cell-dependent antigens, in a controlled manner for stimulation of the immune system. Examination of these particles was limited and only addressed the feasibility of their production, with no in vitro or in vivo tumor studies carried out to date. This group demonstrated that tumor oligosaccharides were successfully incorporated into various gold glyconanoparticles formulations, but the potential clinical applications of this system remains to be elucidated.
Another class of colloidal gold carriers, known as immunonanoshells, has potential as a mediator of passive immunotherapy of tumors. Gold nanoshells are reported to accumulate preferentially in tumor tissue due to the EPR effect. Upon absorption of near infrared (NIR) light by gold nanoshells, heat is generated which causes ablation of tumor cells. This process is termed photothermal cancer therapy, and phase I clinical trials using NIR-absorbing gold nanoshells are reported to be ongoing (169) . The development of immunonanoshells came about as a way to enhance delivery of these particles to tumor sites via the incorporation of tumor surface antigen-specific antibodies onto the outer shell (166, 167) . Hence, immunonanoshells constitute a form of passive cancer immunotherapy, since their ultimate tumor targeting and destruction mechanism does not involve the induction of tumor-specific T or B lymphocyte responses. One research group successfully incorporated monoclonal antibodies against Her2/neu or the interleukin-13 receptor-alpha-2 (a receptor commonly overexpressed in gliomas) into immunonanoshells (166, 167) . Both were evaluated in vitro and were found to be tumor-cell-specific with non-targeted cells exhibiting no cell death after NIR light treatment. Incorporation of immunonanoshells into clinical trials has not yet been reported.
Magnetite Nanoparticles
Magnetite nanoparticles were first described for hyperthermia cancer therapy, or "heat immunotherapy," a little over a decade ago (170, 171) . Since then, these nanoparticles have repeatedly been demonstrated to induce significant tumor regression via induced heat shock protein (HSP) expression, which ultimately leads to enhanced MHC class I-dependent TAA presentation and the development of anti-tumor T-lymphocyte-mediated immunity (172) (173) (174) (175) (176) (177) (178) (179) (180) (181) (182) . This effect has been studied in several animal tumor models using magnetite nanoparticles alone and in combination with additional immunotherapies or chemotherapies, such as immunoliposomes (177, 183) and intratumoral cytokine or DC injection (172, 178, 179) .
Recently, preliminary phase I and II clinical trials focusing on a melanoma-targeting chemo-thermoimmunotherapy regimen began in Japan, with remission for more than 24 months observed in two of the four patients enrolled (182, 184) . However, an important limitation of this system to consider is that in all cases the particles were delivered via intratumoral injection. This route of delivery would exclude it as a treatment for those patients with inaccessible tumors, or for whom surgery poses a serious risk. The research group that has primarily studied this system previously achieved successful targeting of magnetite particles to Her2/neu-overexpressing breast cancer cells in vitro (177) and in vivo (183) by combining them with antiHer2/neu immunoliposomes (177), but systemic delivery was not examined. This promising therapy might be more universally applicable in the clinical setting if it could be modified for systemic delivery with preferential targeting of tumor cells.
One additional important consideration is that inorganic particles, gold and magnetite, may not provide advantages over other types of nanoparticles for systemic targeting of individual cancer cells because they are not biodegradable or small enough to be cleared easily, resulting in potential accumulation in the body, which may cause long-term toxicity.
CONCLUSION
Nanocarrier systems for delivering tumor immunotherapy are primarily aimed at generating a strong adaptive cytotoxic anti-tumor response that is systemic. With some novel exceptions, the majority of nanocarriers reviewed here were designed to achieve this goal by specifically or passively targeting dendritic cells (DCs) such that 1) the tumor antigens delivered by these nanocarriers are at least partially presented in the context of MHC class I (i.e. crosspresented), and, thus, a trigger for antigen-specific cytotoxic CD8+ T lymphocytes is provided, and 2) the delivery of a second signal ("danger signal") is achieved usually in the form of various intrinsic or co-encapsulated adjuvants, which result in activation and maturation of the targeted DCs. The majority of the treatment modalities have demonstrated promising preclinical results in terms of prophylactic and/or therapeutic tumor models. Some have progressed as far as phase I, II and III clinical trials that demonstrate the safety and potential therapeutic benefits of these nanocarrier systems. It is difficult at this early stage to prognosticate as to which systems are most likely to progress as established vehicles for cancer immunotherapy. Nevertheless, aside from the empirical therapeutic benefits, other determining factors are likely to be biocompatibility, the ease and cost of manufacture and storage, along with a nanocarrier's malleability with regard to design features and routes of administration.
